Summary.-Mitochondrial fractions isolated from tumours induced with the respiratory inhibitor rotenone lack respiratory control, oxidative phosphorylation, are partially or totally insensitive to cyanide and have a near-normal content of respiratory carriers. These characteristics are more similar to those of mitochondria from atrophic mammary gland than to those of mitochondria from spontaneous mammary adenomas. Thus, the characteristic structural and biochemical mitochondrial alteration of rotenone-induced tumours would represent a lack of mitochondrial differentiation as the tumour develops from the atrophic mammary gland. Slices of rotenone-induced tumours are insensitive to oligomycin and dinitrophenol, thus indicating that glycolysis would be their sole source of metabolic energy.
IN a previous paper (Gosalvez and Merchain, 1973) it was reported that the insecticide rotenone induces slow-growing, transplantable, mammary fibroadenomas in the albino rat. Rotenone is a well characterized respiratory inhibitor which blocks the mitochondrial respiratory chain between flavoproteins and cytochrome b (Chance and Hollunger, 1963; Palmer et al., 1968; Estabrook, 1957; Hatefi, Jurtshuk and Haavik, 1961) . Rotenoneinduced tumours present a morphology very similar to that of the mammary fibroadenomas of the human female, but have characteristic mitochondrial structural alterations. Their mitochondria have a gradation of lesions ranging from scarce, short and anarchically distributed cristae to partially disintegrated inner and outer membranes, absence of cristae and presence of a fuzzy matrix (Gosalvez and Merchain, 1973;  Merchain, Diaz-Gil and Gosalvez, 1977) .
This paper reports the metabolic characteristics and content of respiratory carriers of mitochondrial material isolated from primary and transplanted rotenoneinduced tumours of different sizes. These data are compared to those obtained with mitochondria isolated from atrophic rat mammary gland, lactating, rat mammary gland and spontaneous rat mammary adenomas. In addition, the patterns of growth of transplanted rotenone-induced tumour, the induction of tumours by oral administration of rotenone and the characteristics of the microsomes of the induced tumours are reported. Our results suggest that the characteristic structural and biochemical alterations of the mitochondria of rotenone-induced tumours are due to a lack of mitochondrial differentiation as the tumour develops from the atrophic mammary gland. Additionally, the lack of coupled respiration in whole slices of tumour tissue would suggest that glycolysis is the only source of metabolic energy in rotenone-induced tumours.
MATERIAL AND METHODS Primary tumours were induced by i.p. injections of rotenone (17 ,tg/g body wt) for 40 to 50 days to Wistar rats of 100+1 g weight. The mammary fibroadenomas usually appeared from 7 to 10 months after the end of the treatment, and were used at different times of growth as indicated by the tumour weight. Transplanted tumours were obtained by transplanting s.c. small pieces of primary tumours, suspended in saline. The tumours were detectable usually 3-5 months after transplant, and were used at different times of growth, as indicated by the tumour weight. In each transplanted or primary tumour used for the study, representative parts were processed for light and electron microscopy by standard methods (Merchan et al., 1977) . All tumours used wNere mammary fibroadenomas and presented the characteristic mitochondrial structural alteration of rotenone-induced tumours (Gosalvez and Merchan, 1973; Merchan et al., 1977) . The growth rate of transplanted tumours was assayed by measuring 2-3 tumour diameters with a caliper every 7 to 10 days. For the isolation of the mitochondrial fractions, the tumours wNere carefully dissected from their external capsule and were cleared as far as possible from the connective tissue and vessels surrounding them. Each tumour was cut several times transversely and checked for signs of softening, necrosis or cystic material; if found, they were rejected. The material was minced with scissors and washed with cold saline until the supernatant was clear. The w%%ashed material was suspended again in Chappel-Perry medium (Chappel and Perry, 1953) or in some cases in a medium composed of 0-25M mannitol, 0-075M sucrose, 2 mm ATP and 1°0 albumin (pH 7-4, 0°C) and was homogenized at 1000 rev/min in a glassTeflon homogenizer. In order to increase the yield of mitochondria and protect them from excessive shearing, no effort was made totally to disrupt the tissue at the first homogenization. Instead, the pestle was moved slowly up and down 3 x and the suspension centrifuged at 900 g for 10 min. The supernatant was separated and the pellet wNas resuspended in new homogenization medium and subjected to the same treatment twice more. All supernatants were pooled and spun down at 9000 g for 10 min. The pellets were washed once with Chappel-Perry medium and resuspended in 0 3 M sucrose, 0-1 mM EDTA, 100 albumin. The supernatant of the pellet with the mitochondrial fraction was spun down at 15,000 g for 15 min to eliminate the light mitochondrial fraction.
The resulting supernatant was centrifuged for 1 h at 100,000 g to isolate the microsomes.
All the mitochondrial respiratory activity present in the homogenate was collected in mitochondrial fractions isolated as described here. Further purification by gradient was not possible.
The microsomal fractions were washed twice with 0 15M KCI and once with 250 mM sucrose, prior to use. Mitochondrial fractions for rat mammary atrophic or lactating mammary gland were isolated as described in the literature (Nelson and Butow, 1967; Mehard, Packer and Abraham, 1971) .
The oxygen uptake of the mitochondrial or microsomal suspensions was measured Nith a Clark-type oxygen electrode in a medium composed of 0-25M sucrose, 10 mM Tris Cl, 20 mM KCI, 7 mm MgCl, 5 mM NaH2PO4 (pH 7-4, 22°C). Respiratory control and ADP: 0 were measured as described by Estabrook (1967) .
The preparation and measurement of respiration of tumour slices was as described previously (Van Rossum et al., 1971; Coloma 1974b ) but using a Gilson differential respirometer at constant pressure. The incubation medium w%as Krebs-Henseleit salt solution at pH 7-4 and 25°C.
The content of respiratory carriers of isolated mitochondria was determined by direct differential spectrophotometry, performed as described by Chance (1957) cytochrome b: 562-575 nm, 17 9 mM; flavoproteins: 465-500 nm, lI 0mM; pyridine nucleotides: 340-374 nm, 6-0 mm. The concentration of protein in the suspensions used for the spectra was between 3 and 6 mg/ml. Microsomal cytochromes were determined as described by Klingenberg (1958) and Omura and Sato (1965) . Protein was determined by the biuret reaction with crystalline bovine serum albumin as standard (Gornall, Barda-will and David, 1949) . Contamination with haemoglobin w-as evaluated by measuring the spectral difference between the fully oxygenated sample and a partially deoxygenated one (15 UM 02) and by the use of Chance's merit figure (Chance, 1952) . Only samples containing low amounts of haemoglobin were analysed spectrally in the manner suggested by Chance to avoid interferences (Chance, 1958) . The content of NAD and NADH of some mitochondrial preparations was also determined enzymatically as described by Klingenberg (1965) .
RESULTS
We first investigated whether the oral administration of rotenone could induce the appearance of tumours. A series of 9 Wistar rats of 100 g weight was intubated in the oesophagus, daily for 45 days, to receive 0 2 mg rotenone daily in 0 1 ml sunflower oil per rat followed by 15 days at 03 mg rotenone daily per rat by the same procedure. A control group of 9 rats received the solvent, 041 ml of sunflower oil, by daily intubations for 60 days. In the course of 1 year after treatment, 4 rats died of unknown causes without evident tumours, and after a latent period of 4-11i months, 4 rats showed mammary fibroadenomas. The growth pattern and the macroscopic, microscopic and ultrastructural details of the fibroadenomas were similar to those induced by i.p. injections of rotenone. The control group did not show any tumour 19 months after the end of treatment. These results indicate that tumours can be induced by oral administration of rotenone. This method of induction seems to have a higher mortality and lower incidence than the i.p. route.
Rotenone-induced primary tumours (RPT) are very slow-growing and are histologically benign (Gosalvez and Merchaln, 1973) . However, they are transplantable. The growth rate of RPT varied widely between tumours, but an average doubling time of 2-5 months was estimated. Fig. 1 Respiration and oxidative phosphorylation of mitochondrial fractions
The isolation of mitochondria from rotenone-induced tumours is greatly complicated by their intensely fibrous constitution. The methods reported in the literature for the isolation of mammary gland mitochondria (Nelson and Butow. 1967; Mehard et al., 1971) were found to be unsuitable for the rotenone-induced mammary fibroadenomas, because the preparations of mitochondria are heavily contaminated with fibrillar material, mostly collagen fibres. The procedure described in this paper represents the best method available at present. Electron microscopy ( Fig. 2 Table I shows the respiration, respiratory control and ADP: 0 ratios with different substrates, and the sensitivity to respiratory inhibitors of the mitochondrial fractions isolated from primary (RPT) and transplanted (RTT) rotenone-induced tumours of different sizes. The same measurements are shown for two preparations of atrophic rat mammary gland, for one preparation of lactating mammary glanid and for 2 preparations of spontaneous rat mammary adenomas. The respiration of the mitochondrial fractions of RPTs was of the same order as that of the same fractions from atrophic rat mammary glands. Both types of mitochondrion lacked respiratory control, oxidative phosphorylation (ADPP: 0) and were insensitive to cyanide. The mitochonidria of RTT were very similar to those of RPT except that in some cases there was no glutamate + malate-dependent respiration. Some primary and transplanted tumours were insensitive to the respiratory inhibitor rotenone, and some primary tumours were partially or totally insensitive to antimycin. Another feature seen in the table is that the characteristics of mitochondria did not vary with the size of the tumour. As tumours under 50 g (20 mm radius) were completely devoid of necrosis, the possibility that the uncoupling shown by the mitochondria of rotenone-induced tumours was duie to the release of uncoupling fatty acid by the necrotic tissue can be ruled out. Table I shows for comparison the characteristics of the mitochondria from two spontaneous mammary adenomas and a lactating gland. In contrast to rotenone-induced tumours, these mitochondria showed low but definite respiratory control, almost normal ADP: 0 ratios anid good sensitivity to respiratory inhibitors. Fig. 3 shows the respiration of the tumour RPT-1 1. This tumour showed a stimulation of respiration on addition of NAD and of cytochrome c. The continuous trace shows the respiration of the mitochondria following additions of glutamate+malate, rotenone, succinate, antimycin, ascorbate, TMPD and cyanide. The dashed lines show the rate of respiration in the presence of NAI) and cytochrome c. These mitochondria show a partial sensitivity to the three respiratory inhibitors. None of the other tumours showed respiratory stimulation with NAI) or cytochrome c.
The lack of oxidative phosphorylation and respiratory control in mitochondria of rotenone-induiced tumours wouild suggest that they have glycolysis as their sole source of energy. However, it was reasoned that, in vivo, the tumour could have are also shown. We have previously shown (Coloma, 1974a, b) that the sensitivity of the respiration of tissue slices to oligomycin is proportional to the degree of coupling between respiration and oxidative phosphorylation. The coupled respiration is inhibited by oligomycin and dinitrophenol. Similar results were obtained with other rotenone-induced tumours. These results strongly suggest that the intact rotenone-induced tumour tissue also lacks oxidative phosphorylation and respiratory control and that, therefore, glycolysis is their sole source of metabolic energy. Table II gives the cytochrome content of the different primary and transplanted tumours studied, and the data are expressed in 10-11 mol/mg protein of the mitochondrial fraction. Data on the cytochrome content of atrophic mammary gland are also shown. Although the content of cytochromes was variable, within an order of magnitude, it was similar in all tumours to those of the mammary gland. There was no significant difference between primary and transplanted tumours nor among tumours of different size. The variability among tumours is interpreted as due to the variable amounts of non-mitochondrial protein present in the preparation. The spectra of tumours RPT-12 and RPT-1I were obtained by reducing the contents of the sample cuvette in the presence of cyanide (these tumours were partially sensitive to CN) and the rest of the spectra were done by reduction with dithionite and, leaving the reference cuvette aerobic. There was significant difference between the two procedures. The dithionite spectra were similar to anaerobic minus aerobic spectra. A spectrum of RPT-1 1 mitochondria using dithionite in the sample cuvette and ferricyanide in the reference cuvette showed the appearance of a relatively large amount of a haemoprotein, with a peak at 558 nm. It seems that this procedure detects a non-respiratory haemoprotein similar to the one described by Sato and Hagihara (1 970) (Nelson and Butow, 1967; Mehard et al., 1971) . These results indicate that the structural and biochemical alterations of rotenone-induced tumours may be due to a lack of mitochondrial differentiation when the tumours develop from the atrophic mammary gland. Cyanide insensitivity is a central characteristic of the atrophic mammary gland and of rotenoneinduced tumours. CN-insensitive respiration is known to exist, but it is rare. Storey (1967) has interpreted CN insensitivity as a dislocation of the respiratory chain. CN-insensitive respiration has been detected recently in Neurospora crassa (Juretic, 1976) . (We believe that a CN-insensitive pathway may be due to a differential or degenerate cytochrome a3.) However, in some rotenone-induced tumours with partial sensitivity to CN, there is partial cytochrome reduction with CN.
The lack of respiratory control and oxidative phosphorylation of rotenoneinduced tumours has been corroborated by the lack of sensitivity of intact tissue slices to oligomycin and dinitrophenol. These results suggest that these tumours depend on glycolysis as the sole source of energy. Within this context, it is important to note that some of these tumours have shown increased glycolysis in anaerobiosis (Gosalvez and Merchatn, 1973) which would indicate a competition between glycolysis and mitochondria for ADP, as we have postulated (Gosalvez, Perez-Garcia and Weinhouse, 1974; Gosalvez et al., 1975b 
